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Article

Structural and cellular characterization
of electrospun recombinant human
tropoelastin biomaterials

Kathryn A McKenna1,2, Kenton W Gregory1, Rebecca C Sarao1, Cheryl L Maslen3,
Robert W Glanville1 and Monica T Hinds2

Abstract

An off-the-shelf vascular graft biomaterial for vascular bypass surgeries is an unmet clinical need. The vascular biomaterial

must support cell growth, be non-thrombogenic, minimize intimal hyperplasia, match the structural properties of native

vessels, and allow for regeneration of arterial tissue. Electrospun recombinant human tropoelastin (rTE) as a medial

component of a vascular graft scaffold was investigated in this study by evaluating its structural properties, as well as its

ability to support primary smooth muscle cell adhesion and growth. rTE solutions of 9, 15, and 20 wt% were electrospun

into sheets with average fiber diameters of 167� 32, 522� 67, and 735� 270 nm, and average pore sizes of 0.4� 0.1,

5.8� 4.3, and 4.9� 2.4 mm, respectively. Electrospun rTE fibers were cross-linked with disuccinimidyl suberate to pro-

duce an insoluble fibrous polymeric recombinant tropoelastin (prTE) biomaterial. Smooth muscle cells attached via

integrin binding to the rTE coatings and proliferated on prTE biomaterials at a comparable rate to growth on prTE

coated glass, glass alone, and tissue culture plastic. Electrospun tropoelastin demonstrated the cell compatibility and

design flexibility required of a graft biomaterial for vascular applications.
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Introduction

Cardiovascular disease remains one of the leading
causes of morbidity and mortality in the Western
world, affecting nearly 81 million people in the
United States alone in 2006.1 Treatment options for
bypass grafts are limited to either autologous vessels,
which are often not available and can be affected by
pre-existing disease, or synthetic grafts, which are
limited to vessels larger than 6mm in diameter.2

Small diameter vascular grafts have been under devel-
opment for more than 50 years with limited clinical
success. Vascular grafts often fail due to thrombosis,
intimal hyperplasia, and aneurysm formation.3

To address the failure of small diameter vascular
grafts, tissue engineered vascular grafts have been
extensively studied using both synthetic and natural
biomaterial scaffolds. Synthetic scaffolds, including
ePTFE, poly(ethylene glycol) diacrylate, poly(caprolac-
tone), and polyurethane, have the advantages of
controllable structural and mechanical properties

while being highly reproducible and easily manufac-
tured in large scale quantities. Yet these synthetic scaf-
folds typically lack the elasticity of native arterial walls
and the biocompatibility for long term vascular cell
functionality. Natural biomaterial scaffolds, including
the most studied grafts of decellularized arteries, have
also had limited success. The two most successful exam-
ples of decellularized arteries without cell seeding have
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been Sawyer’s ficin-digested glutaraldehyde-tanned
bovine carotid graft4 and Dardik’s glutaraldehyde-
tanned human umbilical vein graft.5 While the 5-year
patency rates were promising, aneurysm formation due
to in vivo degradation limited their widespread use.5,6

Decellularized arteries are attractive scaffolds for
tissue-engineered vascular grafts due to their mechani-
cal and biological properties,7 yet these natural scaf-
folds are still limited by the lack of precise
manufacturing control of their structural properties.

Tissue-engineered vascular grafts which are
produced from autologous cells without a scaffold
have recently advanced from the research bench to clin-
ical safety trials using an arteriovenous shunt model,
with 10 reported patients.8,9 These tissue-engineered
grafts have shown promising results with primary
patency rates of 78% at 1 month and 60% at
6 months with failures due to thrombosis, dilation,
and aneurysm, but their lengthy production times of
24 weeks8 will be a limiting factor in becoming a prac-
tical clinical option. Small diameter tissue-engineered
vascular graft development has been the focus of
many research groups, but a viable option that structu-
rally compares to native arteries, supports cell growth,
and is functionally equivalent to autografts, the gold
standard treatment option, has not been found.

Electrospinning suspensions of monomers or poly-
mers from both natural proteins and synthetic poly-
mers can produce sub-micron sized fibers, which can
then be cross-linked to produce stable polymeric struc-
tures.10,11 The structural properties of the electrospun
fibers, primarily fiber shape and diameter, can be
controlled by varying the gap distance, accelerating
voltage, solution viscosity, and solution delivery
rate.10,12 Adding this degree of control to a natural
protein such as elastin is clearly advantageous. Elastin
is a key extracellular matrix protein responsible for
energy storage and recovery in native elastic arteries.13

End stage aneurysm disease and supravalvular aortic
stenosis have been associated with the lack of elastin
and deficiency in elastin expression.14–20 Therefore,
elastin has been proposed as an essential component
in vascular graft design.21,22 Elastin has been electro-
spun for use in tissue-engineered grafts,12,23–28 but the
elastin protein has primarily been extracted from
assembled and cross-linked animal-sourced tissues.
These forms of elastin may maintain critical elastin
biochemical signaling, but are likely to elicit an
immuno-rejection response leading to graft degradation
and ultimate aneurismal graft failure. The electrospin-
ning of human tropoelastin, the monomer unit of elas-
tin, is promising27,29as a medial component of tissue
engineered vascular grafts, but the limited analysis of
the effects of cross-linking as well as the interactions
with vascular cells, necessitates further study.

In this study, we created an electrospun biomaterial
entirely from recombinant human tropoelastin (rTE)
and used a unique cross-linker to create fibrous poly-
meric recombinant tropoelastin (prTE) that mimics the
structural properties of native elastin fibers and
supports vascular cell adhesion and growth. This
unique biomaterial can be a scaffold for vascular
tissue engineering applications with customizable
dimensions in terms of both individual fiber size and
gross graft dimensions.

Materials and methods

Materials

A codon optimized synthetic gene for human tropoe-
lastin was expressed in gram quantities in a 10L E.coli
fermentation system. The expression construct includes
all of the functional exons except exon 1, which encodes
the signal sequence, exon 22 and exon 26A, which are
rarely if ever expressed in natural elastin. This produces
an elastin isoform that is the same as one of the natural
isoforms produced by normal human cells. The purifi-
cation procedure resulted in a >99% pure product as
determined by gel electrophoresis. Control materials of
extracted elastin were obtained using a hot alkali diges-
tion method on native carotid arteries from domestic
swine (Animal Technologies, Tyler, TX).30,31 All chem-
ical reagents were acquired from Sigma-Aldrich unless
otherwise noted.

Electrospinning of rTE

A 2mL glass syringe was loaded with 9, 15, or 20wt%
rTE in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP).
An 18-gage stainless steel blunt tip needle was
connected to the glass syringe and loaded onto a
syringe pump (Harvard Apparatus). A high voltage
power supply (Glassman High Voltage, Inc., High
Bridge, NJ) was electrically coupled to the end of the
needle. A gap distance of 12.5 cm was set from the end
of the needle to the center of the collection device.
Fibers were spun onto grounded collection devices of
either copper foil covered plates for fiber analysis or
Poly-D-Lysine coated coverslips (Fisher) attached to
copper foil covered plates for cell studies. Mandrels
rotated at 4000–6000 rpm and translated longitudinally
6–8 cm with a rate of 8 cm/s on a custom-built device
for electrospun tube formation. The solution was
charged at 18.5 kV with the high voltage power
supply. The syringe pump advanced the protein solu-
tion at 2mL/h. All electrospinning was conducted
within a fume hood.
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Cross-linking of electrospun rTE

All samples of electrospun rTE were cross-linked using
the organic cross-linker disuccinimidyl suberate (DSS),
(Pierce Biotechnology-Thermo Fisher Scientific Inc.) to
produce the polymer, prTE. Samples were cross-linked
in a two-stage process. The electrospun rTE samples
were incubated for 4 h in DSS, in 50mL anhydrous
ethyl acetate, at a ratio of 0.072mg of DSS per mg of
rTE protein at room temperature. A second incubation
occurred for 12-18 h at a concentration of 0.108mg of
DSS per mg of rTE protein at room temperature. prTE
samples were then rinsed in anhydrous ethyl acetate for
5min with a second 5min rinse in 70% ethanol, and a
final 10min rinse in deionized water. The final product
was stored in 70% ethanol.

Electrospun rTE fiber characterization

Electron microscopy was used to determine the electro-
spinning consistency, fiber characterization, and to
evaluate the internal nanostructure of electrospun
fibers. rTE solutions were electrospun onto copper
foil covered plates. Electrospun rTE and prTE samples
were mounted onto scanning electron microscopy
(SEM) stubs and sputter-coated with 250 Å of gold/
palladium. Micrographs were taken at magnifications
from 1000 to 10,000� and viewed at 5–30 kV on either
a Zeiss Model 960 Analytical SEM or a FEI Sirion
XL30 SEM. For transmission electron microscopy
(TEM) analysis the electrospun rTE samples were
adhered to copper TEM slot grids using silver paint.
Carbon (�200 Å) was coated onto both sides of the
sample on TEM grids using an evaporation coater.
Samples were viewed with a JOEL Model 2000fx
Analytical TEM/Scanning TEM at 200 kV.

The fiber diameters and pore sizes of rTE flat mate-
rials were measured from SEM micrographs using
ImageJ software (NIH). Twenty measurements were
taken for each picture with three pictures analyzed
per electrospinning run. Five separate lots of rTE
were analyzed for the 15wt% rTE samples. Matlab
analysis was used to determine the degree of fiber
orientation.32

Smooth muscle cell adhesion to adsorbed rTE

Baboon carotid artery smooth muscle cells (SMCs)
were isolated33 and used to assess the adhesion of
vascular cells on adsorbed rTE. SMCs were maintained
in a media consisting of minimum essential
media (MEM), 10% Fetal Bovine Serum (FBS),
5mM L-glutamine, and a 1% penicillin, streptomycin,

and fungizone mix (Invitrogen). SMCs were maintained
and passaged in culture using standard techniques.
For all adhesion assays, the SMCs were plated in adhe-
sion media (MEM with 1mg/mL of BSA).

To determine the optimal rTE concentration for
SMC adhesion, rTE solutions from 0 to 5mg/mL in
PBS were prepared and added to 12 wells of a 96-well
plate. Plates were sealed and incubated at 4�C over-
night. Plates were then rinsed twice with PBS and
seeded with 2� 104 SMCs per well and incubated at
37�C for 90min. Plates were then rinsed twice to
remove loosely adhered and nonadherent cells and
subsequently frozen at �80�C. Cell numbers were
then evaluated using the CyQUANT� GR assay
(Invitrogen). Fluorescence units were converted to cell
numbers using standard curves generated from known
cell numbers. Studies were repeated three times.

The adhesion mechanisms of SMCs to adsorbed rTE
were determined and compared to SMC adhesion
to adsorbed coatings of fibronectin and collagen, as
well as uncoated tissue-culture treated plastic (TCP).
96-well plates were coated with 50 mg/mL of each
protein overnight at 4�C. Plates were rinsed with PBS
and incubated for 1 h with 10mg/mL BSA in PBS. Cells
were removed gently from flasks with Versene
(2% EDTA in PBS) and 0.05% Trypsin. Trypsin was
deactivated following cell removal with 0.5mg/mL
soybean trypsin inhibitor. Plates were rinsed with
PBS and SMCs were subsequently seeded at 2� 104

cells per well on each substrate in each of the follow-
ing media: adhesion media, adhesion media supple-
mented with EDTA (5mM), pertussis toxin (0.5 mg/
mL), or lactose (5mM). Cells were incubated at 37�C
for 90min. Plates were then rinsed to remove
loosely adherent cells with PBS and frozen at �80�C
for subsequent analysis with CyQUANT� GR. Studies
were run in 10 wells per condition and repeated
three times.

Smooth muscle cell growth on electrospun prTE

Growth curves were constructed for SMCs grown on
TCP coverslips as well as Poly-D-Lysine glass coverslips
that were either untreated, coated with prTE, or elec-
trospun with prTE. Three separate lots of rTE were
tested with a sample size of 6 per condition. prTE
samples were electrospun from 15wt% rTE solutions
onto Poly-D-Lysine coated glass coverslips and cross-
linked. prTE fibers were fluorescently stained with
2.5 mg/mL Oregon Green� 488-X, succinimidyl ester
*6-isomer* (Invitrogen) for 1 h at room temperature.
Coated prTE coverslips were prepared by adding
0.2wt% rTE solutions in HFP onto 12mm diameter
Poly-D-Lysine coverslips. Samples were air-dried,
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cross-linked, and soaked in 70% ethanol overnight.
prTE samples were rinsed twice for 5min with PBS
and then incubated for 20min in media.

SMCs (5� 103 cells/cm2) were seeded onto cover-
slips and evaluated at 1, 2, 3, 5, and 7 days. Media
was replaced at each timepoint with 500 mL of a 10%
alamarBlue� solution (Invitrogen) in media and incu-
bated at 37�C for 2 h. 200 mL of the reduced
alamarBlue� solution was removed from each well
and transferred to a 96-well plate for immediate analy-
sis on a SPECTRAFluor Plus plate reader (TECAN) at
an excitation wavelength of 560 nm and an emission
wavelength of 590 nm at 37�C. Any remaining
alamarBlue� solution was aspirated from the wells
and 500mL fresh SMC media was added to each well.
Measurements were normalized to the 24 h timepoint
for each condition. Doubling times of metabolic activ-
ity were calculated as (t2� t1)/(log(AB fluorescence at
t2) – log(AB fluorescence at t1))*3.32, where t2¼ 120 h
and t1¼ 72 h.

At day 8 a CyQUANT� NF cell proliferation assay
(Invitrogen) was performed. Media was removed from
the wells and 500 mL 1X dye binding solution, which
consisted of 2 mL of dye reagent per mL of Hank’s
balance salt solution (HBSS) buffer, was added to
each well. The plates were covered and incubated for
1 h at 37�C. 200 mL of the dye solution was then trans-
ferred to a 96-well plate for immediate analysis on a
SPECTRAFluor Plus plate reader with an excitation
wavelength of 485 nm and an emission wavelength of
535 nm at 37�C. Measurements for each surface were
normalized to the TCP condition.

Cell attachment and spreading were evaluated at
24 and 48 h post seeding. SMCs (2� 103 cells/cm2)
were seeded onto electrospun prTE samples prepared
in the same manner as the growth curves. Cells were
fixed at each timepoint with 2.5% paraformaldehyde
for 1 h at room temperature. SMCs were permeabilized
with 0.1% Triton-X 100 for 5min and subsequently
stained with rhodamine phalloidin (1 unit/sample)
and 300 nM DAPI (Invitrogen) to visualize the cyto-
skeleton and nuclear structures. Confocal images were
taken with a 63X oil objective on a Zeiss Multiphoton
Confocal microscope using 488, 543, and 780 nm exci-
tation wavelengths.

Statistical analyses

All data are expressed as the mean� standard devia-
tion. Student’s t-test, linear regression, and one-way
ANOVA with Tukey’s post hoc test were used for
hypothesis testing, with p< 0.05 as the measure for
statistical significance. The number of independent
tests is listed for each experiment.

Results

Morphology and substructure of rTE and prTE fibers

Human tropoelastin was successfully electrospun onto
flat collection plates at concentrations of 9, 15, and
20wt% rTE (Figure 1) to produce fibrous sheets,
which were comparable in structure to extracted
porcine elastin (Figure 2). The average fiber diameter
was dependent on the rTE concentration (Table 1). For
each concentration of rTE, the electrospun fiber diam-
eters were consistent with no statistical differences
between production lots (ANOVA, p¼ 0.16).
Extracted porcine carotid elastin had an average fiber
diameter of 870 nm, which was larger and more vari-
able (323–1843 nm) than the electrospun samples. The
fiber sizes were significantly different from the native
extracted elastin for the 9wt% (Tukey, p< 0.01) and
15wt% solutions (Tukey, p< 0.01), but not signifi-
cantly different from the 20wt% solution (Tukey,
p¼ 0.32). While the gross morphology of the 9 and
15wt% fibers was rounded, many of the rTE fibers
spun from 20wt% solutions were ribboned and
contained voids within their fibers (Figure 3).

The pore sizes of the electrospun rTE scaffolds were
quantified and compared to native elastin. The electro-
spun 15 and 20wt% rTE had pore sizes of 5.8� 4.3mm2

and 4.9� 2.4 mm2, respectively, which is similar to the
native elastin with 3.7� 1.6mm2 (ANOVA, Tukey). The
9wt% rTE had smaller pore sizes, but not significantly
different from native elastin (ANOVA, Tukey). The
random orientation of fibers was confirmed for these
electrospun samples (data not shown).

The cross-linked 15wt% prTE had the same
fiber structure as the uncross-linked rTE samples
(Figure 4). Electrospun fibers that were not cross-
linked and rinsed in PBS dissolved and lost their fiber
structure, due to rTE’s solublity in aqueous solutions.
Cross-linking of 9 and 20wt% rTE electrospun fibers
also produced no visible alterations in fiber structure
(data not shown).

Smooth muscle cell adhesion to adsorbed rTE

In the absence of serum, SMC adhesion to adsorbed
rTE increased exponentially between rTE coating
concentrations of 0.05 mg/mL and 50 mg/mL, where
the number of adhered SMCs reached a plateau of
1.7� 104 cells. There was no significant difference in
the number of adhered SMCs for rTE coating concen-
trations between 50 mg/mL and 5000 mg/mL. Thus all
subsequent adhesion studies were performed at the
50 mg/mL adsorbed rTE coating concentration.

Adsorbed coatings of rTE, fibronectin, and colla-
gen type I significantly increased SMC adhesion com-
pared to uncoated tissue culture plastic (Figure 5).
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SMCs adhered to each of the protein coatings without
significant differences between them. EDTA signifi-
cantly reduced SMC adhesion to the adsorbed rTE
and fibronectin coated wells, but had no effect on the
collagen coated wells. The pertussis toxin and lactose
had no significant effect on SMC adhesion to any of the
tested surfaces.

Smooth muscle cell morphology and proliferation on
electrospun prTE

SMCs adhered and proliferated on 9, 15 and 20wt%
electrospun prTE. Confocal images taken at 24 and
48 h showed cells spreading across the fibrous substrate
and forming multiple attachment points to individual

9 wt% rTE
10

00
X

50
00

X
10

00
0X

15 wt% rTE 20 wt% rTE

40mm

8mm

4mm

Figure 1. Comparison of electrospun rTE fibers from 9, 15, and 20 wt% solutions.

Note: The rTE fibers were randomly oriented. Fiber diameters were directly proportional to the concentration of the rTE solution.

The electrospun rTE fibers from 9 and 15 wt% solutions had only round cross-sections, while isolated electrospun rTE fibers from

20 wt% solutions had flat cross-sections. SEM micrographs at magnifications of 1000�, 5000�, and 10,000�.
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15wt% prTE fibers (Figure 6). These images also indi-
cated an increase in cell concentration between 24 and
48 h post-seeding. Confocal images of SMCs on 9 and
20wt% electrospun prTE confirmed similar responses
in terms of cell attachment and spreading across the
range of prTE fiber diameters (data not shown).

Growth curves were conducted using an
alamarBlue� metabolic activity assay. The SMCs
proliferated and were metabolically active on each of
the four substrates (Figure 7). Logarithmic growth
occurred between days 3 and 5 with growth reaching
a plateau at day 5. Normalized alamarBlue� fluores-
cence values for day 5 were 1.82� 0.2, 1.79� 0.2,
1.88� 0.17, and 1.73� 0.18 for electrospun prTE,
coated prTE, Poly-D-Lysine glass, and TCP substrates,
respectively. Doubling times were determined to be
84� 14, 86� 3.6, 72� 6.9, and 78� 9.2 h for electro-
spun prTE, coated prTE, Poly-D-Lysine glass, and
TCP substrates, respectively. There were no significant
differences in doubling times between substrates
(ANOVA).

A CyQUANT� assay was performed to quantify cell
number on Day 8. Normalized cell numbers compared
to TCP were 188� 5.9%, 172� 11.1%, and

158� 16.9%, for electrospun prTE, coated prTE, and
Poly-D-Lysine glass, respectively. The cell numbers on
each of the three substrates were significantly higher
compared to the number of cells on TCP, but no
differences were seen between electrospun prTE,
coated prTE, and Poly-D-Lysine glass (ANOVA,
Tukey post hoc, p< 0.01).

Discussion

Electrospinning was selected as the method to construct
a reproducible, physiologically relevant human tropoe-
lastin vascular medial biomaterial. Electrospinning
of tropoelastin produced a vascular medial layer scaf-
fold with highly controllable structural properties

Figure 3. TEM micrograph of substructure of 15 wt% electro-

spun rTE fibers.

Note: Voids are visualized within the fibers. Scale bar indicates

500 nm.

Table 1. Fiber diameter and pore size for electrospun rTE and extracted porcine elastin.

Material Fiber diameter Ave.� SD n¼ 20 Range of fiber diameters Pore size Ave.� SD n¼ 10

Extracted porcine elastin 870� 450 nm 323–1843 nm 3.7� 1.6 mm2

9% electrospun rTE 167� 32 nma 95–214 nm 0.4� 0.1 mm2

15% electrospun rTE (5 lots) 522� 67 nma 261–1174 nm 5.8� 4.3 mm2

20% electrospun rTE 735� 270 nm 336–1430 nm 4.9� 2.4 mm2

ap< 0.01, compared to extract porcine elastin.

Figure 2. SEM micrograph of extracted native elastin from a

porcine carotid artery.

Note: Scale bars indicate 10mm.
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comparable to the native extracellular matrix protein.
The fiber and pore sizes of the prTE electrospun scaf-
folds were optimized to mimic the structural properties
of native arterial elastin. Cross-linking using DSS
enabled stabilization that prevented the fibers from dis-
solving in aqueous media without affecting the struc-
tural properties of the fiber. The electrospun prTE
scaffolds were capable of supporting vascular SMC
growth at rates comparable to coated-prTE and tissue
culture plastic.

Electrospinning has advanced the tissue engineering
field and proven to be a valuable tool to produce
biomimetic scaffolds from both biodegradable poly-
mers and natural proteins. The majority of current
research has focused on the use of biodegradable poly-
mers which lack the relevant cell signaling of natural
matrix proteins. Elastin and collagen have been used to
electrospin vascular grafts, yet these matrix proteins are
frequently electrospun from solutions with fully cross-
linked polymer fragments or from solutions containing
a mixture of natural and synthetic polymers.12,34

Synthetic polymers such as poly(ethylene oxide)
(PEO), poly(epsilon-caprolactone) (PCL), poly(lactic-
co-glycolic acid) (PLGA), and polydioxanone (PDO)
have been combined with protein blends (collagen, gel-
atin, and elastin) to electrospin scaffolds.24,25,34–38

Electrospinning of these blended solutions leads to
an unknown amount, distribution, and structure of

protein within each individual fiber. Additionally,
these scaffolds do not mimic the native arterial struc-
ture of separate elastin and collagen fibers and there-
fore are unlikely to support vascular cell functions.
Li et al.27 have electrospun calfskin type I collagen,
bovine gelatin, extracted bovine a-elastin and are

40mm 40mm

Figure 4. SEM micrograph of uncross-linked electrospun rTE (left) and cross-linked electrospun prTE (right) fibers produced from a

15 wt% rTE solution.

Note: No change in fiber structure was seen using the DSS cross-linker.
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Figure 5. Characterization of the adhesion of SMCs to

adsorbed rTE.

Note: SMCs were allowed to adhere to rTE, fibronectin (Fn),

collagen type I (Col), or tissue culture treated plastic (TCP) in

either adhesion media or adhesion media with a blocking reagent:

EDTA, Pertussis toxin, or lactose. EDTA significantly reduced

SMC adhesion to the rTE and Fn coated wells. *p< 0.05, com-

pared to the same coating with adhesion media, ANOVA with a

Tukey post hoc test.
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credited with the first published instance of human tro-
poelastin in HFP. The use of the elastin monomer,
tropoelastin, provides an opportunity to control mate-
rial properties and deliver solely ‘elastin’ fibers by cross-
linking the final structure.

Optimizing the structure of the electrospun fibers
requires balancing the fiber diameter, spacing, shape,

and orientation. Our 20wt% rTE fibers had fiber diam-
eters and pore sizes that matched the diameters of
in vivo elastin fibers; yet their configuration of ribboned
fibers differed from the cylindrical in vivo fibers.
Similarly, using 20wt% protein solutions and flow
rates that ranged from 1 to 8mL/h, electrospun
bovine a-elastin and human tropoelastin fibers were
‘ribbon-like’ in appearance, with ribbon widths ranging
from 0.6 to 3.6mm and 1.4 to 7.4mm.27 This ribboning
phenomenon was seen in the larger spun fibers of our
electrospun 20wt% rTE fibers. The ribboning results as
the bulk material and solvent separated during fiber
formation,39 followed by the subsequent collapsing of
fibers forming the flattened ribbons. Additionally, the
20wt% human tropoelastin fibers from Li et al. had
average fiber diameters of approximately 2.2 mm,27

which was significantly greater than our average diam-
eter of 735 nm for a flow rate of 2mL/h. This was likely
due to differences in their electrospinning parameters,
most notably a lower accelerating voltage of 10 kV
versus 18.5 kV and a larger gap distance of 14 cm
versus 12.5 cm, as well as the variability induced by
the measurement of the larger dimension (width vs.
thickness) of the ribboned fiber. Due to the ribboned-
structure in our 20wt% rTE scaffolds, the 15wt% rTE
solutions were used for all subsequent studies. Using
15wt% rTE solutions, we were able to produce cylin-
drical prTE fibers (Figure 1), a structure similar to
native medial elastin structure.

Figure 6. Morphology of SMCs seeded onto electrospun 15 wt% prTE for (A) 24 and (B) 48 h.

Note: Confocal images of prTE fibers (green) with actin cytoskeleton-phalloidin (red) and nuclei (blue) of SMCs. SMC pseudopodia

made attachments to individual prTE fibers (arrows in A), SMC concentrations increased between 24 and 48 h, and SMCs formed actin

stress fibers (arrows in B). Scale bar indicates 20mm.
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Using monomer protein solutions necessitates the
use of cross-linking to stabilize the electrospun fibers.
The monomer tropoelastin is soluble in aqueous solu-
tions and would therefore lose its macro fiber structure
upon introduction to aqueous media. This cross-linking
has a significant effect on the structural properties of
the electrospun materials40 and can lead to complica-
tions of calcification and cytotoxicity. This is the first
reported use of DSS to cross-link tropoelastin electro-
spun materials. DSS was selected to cross-link the rTE
due to the low reported cytotoxicity of its aqueous
equivalent bis(sulfosuccinimidyl) suberate (BS3) and
its ability to react with amine groups on lysine residues
of adjacent molecules to form amide bond cross-
links.41–43 The prTE was cross-linked with DSS in
anhydrous ethyl acetate at a concentration sufficient
to attain 100% cross-linking based upon a molecular
weight of 62,500 and 35 lysines per molecule.
Monomeric rTE maintains its fiber structure in ethyl
acetate giving the DSS cross-linker time to stabilize or
lock the fiber structure in place. Use of high concentra-
tions of cross-linker can lead to blocking of amine
groups resulting in fewer cross-links being formed.
DSS forms an 8-atom bridge (11.4 Å) between tropoe-
lastin monomers to form polytropoelastin, and has
proven to be an effective method for cross-linking
rTE electrospun materials. Electrospun tropoelastin
alone or elastin with collagen have previously been
cross-linked with glutaraldehyde vapor,29,34 hexam-
ethylene diisocyanate (HMDI),27,44 or BS3.41,43,45 The
glutaraldehyde vapor caused melting of the collagen/
elastin fibers34 and may lead to calcification of the
fibers and a cytotoxic environment. HMDI binds
lysine or hydroxylysine residues and has been used pri-
marily with collagen biomaterials (e.g. Permacol,
Covidien). BS3 uses the same mechanism of cross-link-
ing as DSS. Thus DSS, HMDI, and BS3 are promising
as cross-linkers of protein monomers but their full bio-
logical effects on cell proliferation, mechanical proper-
ties, and host reactions are unknown. The proliferation
of SMCs on the DSS cross-linked prTE supports the
cytocompatibility of the DSS crosslinker. The mechan-
ical properties and host reactions will depend on the
concentration of the electrospinning solution, as well
as the configuration of the final biomaterial as a flat
or tubular scaffold. For vascular applications, the
appropriate mechanical evaluations (e.g., burst pres-
sure, compliance) of DSS-cross-linked prTE in the
tubular configuration should be determined.

Support of vascular cell adhesion and growth is
required for tissue-engineered scaffolds. Elastin is an
important regulator of SMC phenotype. Karnik et al.
demonstrated an increase in vascular SMC prolifera-
tion rates in cells unable to synthesize elastin.46

Yet the addition of exogenous tropoelastin to the

growth culture recovered normal proliferation rates,
equivalent to wild type cells.46 It has been suggested
that elastin (as a signaling molecule) activates the
G-protein coupled pathway that ultimately leads
to Rho-induced actin polymerization in vascular
SMCs.47 Our study, where pertussis toxin was unable
to block adhesion, suggests that the G-protein coupled
pathway does not play a role in the initial cell adhesion
to rTE. There have been several elastin binding proteins
(EBP) identified, including a 67-kDA protein that
is also identified as a galactoside-binding lectin,48–51 a
120-kDa protein (elastonectin) and a 59-kDa
VGVAPG-binding protein.52 These EBPs act as chap-
erones during elastin assembly by preventing intracel-
lular aggregation of tropoelastin as well as protecting
tropoelastin and mature elastin from proteolysis. EBP
binds elastin through the VGVAPG motif within exon
2453 and signaling through this receptor may influence
SMC proliferation and differentiation.47 Fetal bovine
chondrocyte adhesion was associated with the COOH
terminus of tropoelastin and dependent on glycosami-
noglycans, while integrin and EBP inhibitors had no
effect on chondrocyte adhesion and spreading on the
COOH terminus of tropoelastin.53 Thus, the EBPs do
not appear to play a role in cell adhesion to tropoelas-
tin, which was confirmed in this study with the inability
of lactose to block SMC adhesion to rTE. A direct link
between cell adhesion to tropoelastin and the anb3
integrin has been demonstrated with human dermal
fibroblasts.54 Similarly, in this current study the
adsorbed rTE, as well as the adsorbed fibronectin,
supported SMC adhesion through cationic binding,
which was blocked by EDTA. This integrin-mediated
adhesion is likely due to anb3 integrin interaction with
GRKRK motif.54 Differences in cell binding mecha-
nisms to tropoelastin are likely due to the utilization
of different cell types.

Coatings of rTE can be used to modify devices such
as stents and vascular graft materials. Optimal cell
adhesion occurred on substrates coated with 50 mg/
mL or greater and consequently, this value can be
used as the baseline value for designing rTE modified
surfaces. The three-dimensional electrospun prTE
supported SMC proliferation indicating the cytocom-
patibility of the DSS-cross-linked prTE. SMC
metabolic activity (as indicated by the alamarBlue�

assay) on electrospun prTE increased between day 1
and day 7 similar to the activity of SMCs on coated
prTE, Poly-D-Lysine, and TCP. While the
alamarBlue� assay does not quantify exact cell num-
bers, rather cell metabolic activity, it is correlated to the
growth rates of cells in culture. After 8 days of growth,
the cellular DNA content on the electrospun prTE,
coated prTE, and Poly-D-Lysine (CyQUANT� assay)
were equivalent and greater than the DNA content
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on TCP. The ability of electrospun tropoelastin to sup-
port cell growth agrees with the results of Li et al., who
demonstrated human embryonic palatal mesenchymal
cell (HEPM) growth on both electrospun elastin and
tropoelastin.27 Similar to the HEPM cells, SMCs
formed distinct organized cytoskeletal fibers with mul-
tiple pseudopodia attachments to the prTE fibers.
Likewise, human dermal fibroblasts attached and pro-
liferated on electrospun tropoelastin.29 Though a direct
comparison is difficult to make due to differences in
study conditions, our SMC growth data was similar
to Karnik’s data for wild-type SMCs, which demon-
strated a 2-fold increase in cell numbers at 72 h.46

Modest cell growth rates, the presence of distinct
stress fibers, and multiple attachment points on each
of the three biomaterials of prTE tested suggests that
SMCs grown on prTE adopt a contractile phenotype,
which could ultimately provide physiologic vascular
compliance and vasomotor tone. Further investigation
into the three-dimensional growth patterns of SMCs on
electrospun prTE and their remodeling effect on the
protein scaffold in long-term cultures is warranted.

Conclusion

In conclusion, an electrospun cross-linked rTE vascular
scaffold material has been developed. This novel tissue
engineered scaffold has structural properties similar to
native elastin within the medial layers of elastic arteries.
The diameter, length, fiber size, and fiber spacing of the
electrospun prTE scaffold were easily manipulated pro-
viding a high degree of control for tissue engineering.
The electrospun prTE biomaterial supported SMC
attachment (via an integrin-mediated pathway), spread-
ing, and growth. A cross-linked stable polymer
produced from rTE, which matched the structure of
medial elastin, may provide the optimal environment
needed for a functional tissue-engineered scaffold. The
development of this technology provides a tool for
tissue engineers, which can ultimately lead to natural
protein-based vascular grafts.
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